Edited by Steven C. Wofsy, Harvard University, Cambridge, MA, and approved December 28, 2011 (received for review July 18, 2011) The boreal forests, identified as a critical "tipping element" of the Earth's climate system, play a critical role in the global carbon budget. Recent findings have suggested that terrestrial carbon sinks in northern high-latitude regions are weakening, but there has been little observational evidence to support the idea of a reduction of carbon sinks in northern terrestrial ecosystems. Here, we estimated changes in the biomass carbon sink of natural stands throughout Canada's boreal forests using data from long-term forest permanent sampling plots. We found that in recent decades, the rate of biomass change decreased significantly in western Canada (Alberta, Saskatchewan, and Manitoba), but there was no significant trend for eastern Canada (Ontario and Quebec). Our results revealed that recent climate change, and especially drought-induced water stress, is the dominant cause of the observed reduction in the biomass carbon sink, suggesting that western Canada's boreal forests may become net carbon sources if the climate change-induced droughts continue to intensify.
global warming | forest aboveground biomass | drought index | northern hemisphere carbon uptake | positive feedback G lobal warming and regional droughts may intensify and become more frequent this century as a result of anthropogenic climate change (1) . Recent studies (2) (3) (4) predicted a weaker northern hemisphere carbon uptake at high latitudes as a result of these changes. One of the greatest uncertainties in global climate change is how to forecast changes in feedback between the biosphere and the atmosphere. Northern high-latitude forests contain about 49% of the carbon stored in forested ecosystems (5) and provide important feedback to the global climate system. Boreal forests, a key but poorly understood component of terrestrial ecosystems, exert strong controls on the global carbon cycle and influence regional hydrology and climatology directly through water and surface energy budgets (6) . Previous studies (7) (8) (9) (10) indicated that threats to the forest carbon sink as a result of tree mortality caused by rising temperatures and drought around the world have unexpectedly increased in the past decade.
Recent climate changes in this region may have had substantial impact on the carbon balance of Canadian boreal forests as a result of increased fire frequency (11) , an unprecedented expansion of insect outbreaks (12) , and widespread drought-induced tree mortality (10) . Large and long-term forest permanent sampling plots (PSPs) could provide direct estimates of biomass carbon accumulation and possible insights into the future role of forests in the global carbon cycle under a changing climate (13) . Recent progress has been made in investigations of the impacts of severe drought on trembling aspen (Populus tremuloides) mortality and associated loss of aboveground biomass in western Canada (10, 14) . However, to date, no study has used long-term forest observation plots to directly investigate the spatial distribution of changes in forest biomass carbon in Canadian boreal forests at a national scale as a result of recent climate change.
To assess the potential impacts of climate change-induced drought, we analyzed data from 96 long-term permanent forest observation plots in natural (unmanaged) mature boreal forests that met nine criteria (SI Appendix, Table S1 ). Our samples included plots in five Canadian provinces in both western Canada (Alberta, Saskatchewan, and Manitoba) and eastern Canada (Ontario and Quebec). The plots spanned 53°of longitude and 9°of latitude, and their elevations ranged from 59 to 2,609 m above sea level (asl) ( Fig. 1 and SI Appendix, Table S1 ). The plots ranged from 0.04 to 0.82 ha ( x ¼ 0:12 ha), and collectively contained 22,425 living trees; the plot data included a total of 74,556 observations in these plots. The initial census year ranged from 1963 to 1994 and the final census year ranged from 1990 to 2008. The aboveground stand biomass at each census was estimated by using published allometric models developed for Canadian boreal forests (SI Appendix, ref. S12 and Table S2 ). We used both the annual climate moisture index (CMI) and the annual moisture index (AMI) to measure climatic water deficits in this study. The CMI value was calculated as the difference between precipitation (PCP) and potential evapotranspiration (PET) (SI Appendix, ref. S10). AMI is defined as the ratio of the annual number of degree days above 5°C to the mean annual precipitation (SI Appendix, ref. S11).
Results
Our analysis showed that the rate of biomass change for all plots combined and for the western region showed significant decreasing trends, but there was no significant change for the eastern region ( Fig. 2 A and B and Table 1 ). In addition to the statistical analysis, we compared the average rates of biomass change for the western and eastern regions between the first and final censuses (SI Appendix, Fig. S1 ). Consistent with our model results, the biomass in the western region during the last census interval was significantly lower than that during the first interval (P < 0.0001, paired two-sample t test); for the eastern region, there was no significant difference (P = 0.1339, paired twosample t test). Moreover, the biomass increment decreased significantly during three periods (before 1980, from 1980 to 2000, and after 2000) in the western region, but there was no significant change in the eastern region (SI Appendix, Fig. S2 ).
The observed patterns of the rate of biomass change for western and eastern regions may have resulted from changes in tree mortality, growth of surviving trees, or a combination of both factors. To further explore the ecological causes of the rate of biomass change, we analyzed the trends of mortality (SI Appendix, Table S4 ), stand density (SI Appendix, Table S5 ), and biomass of the surviving trees (SI Appendix, Table S6 ). Our analysis revealed that the biomass increment associated with mortality for both regions showed significant increasing trends (SI Appendix, Table S4 ). These trends were further confirmed by the changes in stand density (SI Appendix, Table S5 ), which indicated that the number of surviving trees was decreasing significantly for both the western and the eastern regions. However, the rate of biomass change for surviving trees in the western region showed a significant decreasing trend, whereas there was a significant increasing trend for surviving trees in the eastern region (SI Appendix, Table S6 ). Thus, our analysis indicated that the trend of decreasing biomass change in the western region resulted from the cumulative effects of increased mortality and decreased growth of surviving trees, but mortality had a larger effect (SI Appendix, Table  S4 ; β = 0.0289) than growth of surviving trees (SI Appendix, Table  S5 ; β = −0.0116) on the rate of biomass change. For the eastern region, the simultaneous increase in mortality and growth of surviving trees represented offsetting factors that concealed any significant trend in biomass change.
We examined several possible causes for the different trends in the western and eastern regions. One of the best-known causes for a decreasing rate of biomass accumulation in mature forests is an age-related decline (15) . Our statistical analysis (SI Appendix, Table  S7 and Fig. 3A) showed that the trend for aboveground biomass changed significantly as a function of age for the western region, from an increase at young ages to a decrease in older stands (slope of the regression = −0.011, P = 0.005), but that there was no significant trend for the eastern region (P = 0.8465). We also used the Kolmogorov-Smirnov test and found no significant difference between the age distributions in the western and eastern regions (P = 0.8705). If age is the sole factor responsible for the observed trends, we would expect to see similar trends as a function of age in the two regions. Thus, additional factors must have contributed to the differences in the observed patterns of biomass change. Moreover, we regressed the rate of biomass change as a function of plot size and the length of the census interval to test whether heterogeneity in plot characteristics might have affected the rate of biomass change for the western and eastern regions. Our regressions showed that the rate of biomass change was not significantly correlated with either plot size or the length of the census interval (SI Appendix, Fig.  S3 ), indicating that the heterogeneity of plot characteristics had no significant effect on the rate of biomass change.
We hypothesized that climate warming may have been the dominant cause of the observed trends. For the western region, the annual mean temperature has increased significantly since 1963 (P < 0.0001), and annual precipitation has decreased significantly (P = 0.0002), and the combination has significantly increased water deficits, whether estimated using CMI or AMI (both P < 0.0001; SI Appendix, Table S8 ). In contrast, both the annual mean temperature and the annual precipitation increased significantly for the eastern region (both P < 0.0001), resulting in a significantly decreased water deficit (CMI, P = 0.0197; SI Appendix, Table S8 ). We regressed the rates of biomass change as functions of four climatic variables (temperature, precipitation, CMI, and AMI) and found that all climatic variables were significantly correlated with the rate of biomass change in the western region but not in the eastern region (SI Appendix and Table 2 ). Scatterplots between the rate of biomass change and the climatic variables also showed consistent results (SI Appendix, Figs. S4-S7).
Because both the stand age (SI Appendix, Table S7 ) and climatic variables (Table 2) were significantly correlated with the rate of biomass change, we used standardized regression to compare the relative importance of stand age and the climatic variables. By comparing the magnitudes of the estimated coefficients of stand age and the climatic variables from these regressions (Table 3) , we found that precipitation, CMI, and AMI had a greater effect than stand age on the rate of biomass change for the western region. The temperature coefficient for Saskatchewan indicated that temperature had a greater impact than stand age on the rate of biomass change in Saskatchewan. Overall, the climatic variables had a stronger effect than stand age on the rate of biomass change in the western region. In addition, we tried to remove the impacts of stand age on the rate of biomass change by regressing stand age on the rate of biomass change to provide the residuals. The trend in the residuals reflects the rate of biomass change without the effects of stand age (Fig. 2C) . We also modeled the trends for the rates of stand-age-corrected biomass change ( Table 4 ). The results show that the overall and western trends became slightly weaker than these trends before the correction for stand age. There was no change in the trend for the eastern region. Thus, these results ( Fig. 2C and Table 4 ) further indicated that stand age is not the dominant factor that caused the observed trends for the rate of biomass change.
Discussion
Our results are consistent with recent findings of large biomass carbon losses caused by a widespread moisture-driven drought in Fig. 1 . Locations of the 96 forest plots in Canada's boreal forest. The red and black circles represent plots with respectively decreasing and increasing rates of biomass change. The size of the circle is proportional to the plot-specific slope of the ordinary least-squares regression for the rate of biomass change as a function of the calendar year. Thus, the circle size reflects the rate of annual change in biomass. The background colors of green and light green represent the boreal and hemiboreal regions, respectively. In total, 80 plots (83% of the 96 forest plots) were located in the boreal region and 16 (17%) were located in the hemiboreal region. A total of 70 plots were located in the western region (Alberta, Saskatchewan, and Manitoba) and 26 were located in the eastern region (Ontario and Quebec). In total, 89% of the plots (62/70) in the western region and 46% of the plots (12/26) tropical forests in the Amazon basin (8, 16) , temperate forests in the western United States (9), and trembling aspen stands in western Canada (10, 14) . Western Canada appears to have been more sensitive to drought than eastern Canada. There are a number of reasons that may explain this drought-induced reduction in biomass carbon sink in western Canada: (i) a decline in tree growth (ii); a reduction in net primary production (NPP); and (iii) a widespread increase in tree mortality. Tree-ring studies have shown that the negative effects of recent drought on tree growth are widespread for boreal regions, affecting not only Alaska (17) but also western and central Canada (14, 18) . Second, both satellite-based estimates (19, 20) and ground-based measurements (14, 21) showed that summer drought has led to a marked NPP decrease in much of the boreal forest region in North America since the late 1990s. Third, severe climate-change-induced drought has already accelerated tree morality over large areas in western North America (9, 10, 14) in response to the impacts of regional climatic warming and drought. Previous studies have suggested that Canada experienced one of its most serious and extensive droughts on record in 2001 and that the most severely affected areas occurred in the Canadian Prairies, where the 2001 drought followed two to three consecutive years of below-average rainfall. Some areas of central Canada suffered the driest August on record and western Canada suffered the second consecutive year with the most severe drought on record in 2002 (22) . For eastern Canada, Girardin et al. (23) showed that climate warming and increases in the amount and frequency of precipitation during the last century had no significant impact on the severity of summer drought. In addition, a long-term reduction in the amount of solar radiation in the Canadian Prairies between 1951 and 2005 (24) may also have contributed to a decline in forest productivity (i.e., net photosynthesis) in western Canada (14) .
A combination of the aforementioned factors may therefore explain the regional differences in the biomass carbon sink 
, n is the number of forest plots used in the model, and P is the significance level for the model's fixed effects based on a t test. The dataset used for fitting the linear mixed models is not the dataset to estimate the average trend dot values in Fig. 2A . Fig. 3 . Plots of the rate of biomass change as a function of stand age for the western and eastern regions. The black line represents the modeled trends from the ordinary least-squares regression model. The red, green, light blue, and blue dots represent the first, second, third, and fourth census, respectively. n is number of censuses for all of the age ranges.
between western and eastern Canada. Moreover, our results confirmed that water deficits induced by climate warming may be responsible for the decline in the rates of biomass accumulation in the western regions of Canada's boreal forests. The observed rates of biomass accumulation in western regions changed from positive to negative after 2003 ( Fig. 2B) , with a continuous decrease since the start of the study period, which indicates that climate warming may soon begin to decrease the carbon sink and change these forests into a net carbon source if the climate warming continues to follow the current trends. However, it is important to point out that the precipitation and temperature changes that cause the decreases of the aboveground biomass are large and will undoubtedly have effects on soil respiration that could either amplify or weaken the inferred sink from the aboveground biomass pool (1) . Although the rate of decrease (excluding the effect of stand age) was significant for the western region (Table 4 ; slope = −0.0599 t ha −1 year −1 , P < 0.0001), we estimated that the combined reduction of the carbon biomass sinks for western and eastern regions was 0.0473 ± 0.0204 t ha
. This decrease in biomass is equivalent to a net decrease in the carbon sink of 0.0237 ± 0.0102 t C ha −1 year −1 . Multiplying this by the estimated area of the Canadian boreal forest (25) (307.14 M ha) produces reduction of the net carbon sink from mature forest equal to 7.28 ± 3.13 million tons of carbon per year (Mt C year −1 ). The resulting reduction in the biomass carbon of Canadian boreal forests would amount to about 37% of the carbon source in the year 2009 (20 Mt C year −1 ) projected to be lost due to beetlecaused mortality (12, 26) , about 27% of the direct emissions Table 2 . Fixed effects of the linear mixed models (SI Appendix, Eq. S3) describing the relationships between the rate of biomass change and the climatic variables β is the estimated model parameter and reflects the association between the rate of biomass change and the climatic variable, n is the number of forest plots used in the model, and P is the significance of the model's fixed effects based on a t test. To simplify, we have only shown the estimated β 1 parameters and the significant estimated β 2 parameters. SK served as the base/reference category for the western region and QC served as the base/ reference category for the eastern region. AB, Alberta; SK, Saskatchewan; MB, Manitoba; QC, Quebec; CMI, climate moisture index; AMI, annual moisture index. *We calculated the province-specific slope by summing the overall slope β 1 and the province's slope adjustment β 2 . Therefore, the slopes for Alberta, Saskatchewan, and Manitoba represent the relationships between the rate of biomass change and the climatic variables for these provinces. β is the estimated model parameter, n is the number of forest plots used in the model, and P is the significance level of the model's fixed effects based on a t test. To simplify, we only show the estimated β 1 parameters and the significant estimated β 2 parameters at α = 0.05. SK served as the base/reference category for the western region and QC served as the base/reference category for the eastern region. AB, Alberta; SK, Saskatchewan; MB, Manitoba; ON, Ontario; QC, Quebec; CMI, climate moisture index; AMI, annual moisture index. *We calculated the province-specific slope by summing the overall slope β 1 and the province's slope adjustment β 2 . Therefore, the slopes for Alberta, Saskatchewan, and Manitoba represent the relationships between the rate of biomass change and the effects of the climatic variables for those provinces. caused by forest fires throughout Canada from 1959 Canada from to 1999 , and equivalent to about 3.6% of Canada's total annual carbon emission (28). However, extrapolating these 96 representative plots to entire Canadian boreal forests must be done with caution.
It is important to note that much of the Canadian boreal forest cannot be represented by the plots used for the current analysis. In addition, we consider our estimate of drought-induced biomass carbon loss to be highly conservative because it excludes carbon emissions caused by increased fire activity (11, 27) and the expansion of mountain pine beetle outbreaks (12) . The recent increase in these ecosystem disturbances is positively related to drought (11, 12, 29) and may co-occur with peaks of drought-induced tree mortality (11, 14, 30) .
Our results indicate that since 1963, drought-induced water stress has led to a weakening of the biomass carbon sink across a large area of the western Canadian boreal forest, with the largest reduction occurring after 2000. Our results provide observational evidence to support recent studies (2) (3) (4) that predicted a weaker northern hemisphere carbon uptake at high latitudes and challenge the traditional view that northern hemisphere carbon sinks will remain dominant over carbon emission sources. Moreover, the recent decrease in biomass may indicate that the boreal forests in western regions will become net carbon emission sources if the stresses resulting from climatechange-induced drought continue to increase in the future, and this will provide a positive feedback that may accelerate future global warming.
Materials and Methods
To assess the impacts of drought on biomass carbon sink of natural stands of boreal forests in Canada, we analyzed data from 96 long-term PSPs that met nine criteria for natural (unmanaged) mature boreal forest stands in five Canadian provinces (Alberta, Saskatchewan, Manitoba, Ontario, and Quebec). The selected plots were censused three to five times ( x ¼ 3:5, SD = 0.6). The length of the census period ranged from 10 to 38 y ( x ¼ 21:9, SD = 6.8).
The initial stand age of the plots ranged from 80 to 218 y ( x ¼ 116:2, SD = 34.4). To obtain climatic data for these plots, we used Canada's daily 10-km raster-gridded climate dataset from 1961 to 2003, which contains data on daily maximum and minimum temperatures (T max and T min ) and PCP for latitudes south of 60°N. The climatic data for plots with census data after 2003 were downloaded from the nearest meteorological stations (SI Appendix, Table S3 ). We calculated the CMI and the AMI from these data. We also calculated the aboveground stand biomass at each census using published Canadian national equations for aboveground tree biomass (SI Appendix, ref. S12).
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Data selection and analysis
For our analysis, forest plots from Canada's boreal forest region were strictly selected based on the following criteria: (1) All plots were in natural forest stands, which we defined as stands that reproduced naturally rather than regenerated by sowing or planting. (2) Because at least two different time intervals were required to compare changes in aboveground live biomass, all plots had at least three consecutive censuses. (3) We required all plots with complete tree recruitment and mortality records. In addition, every tree above a defined diameter at breast height (DBH, 1.3 m above the ground) was measured during the initial census. (Table S1 ). (9) To obtain climatic data for each plot, the spatial location of all plots was required.
To find data that met these criteria, we selected and thoroughly reviewed data from permanent sample plots (PSPs) in Alberta (S3), Saskatchewan (S4), Manitoba (S5), Ontario (S6), and Quebec (S7). We did not consider PSP data from British Columbia and New Brunswick because most plots in these two provinces were not boreal forest types. The main objectives in permanent sample plot sampling are to assess stand dynamics such as succession, regeneration, ingrowth and mortality, to provide a data base that can be used to develop yield curves, to provide representative areas for study of management techniques, and to monitor provincial forest resources. than 4000 plots for Ontario, and about 12 000 plots for Quebec), most of the plots did not meet our criteria, either because they did not have three or more censuses or they were not located in undisturbed mature forest. Finally, ninety-six plots were selected (Table S1) .
To obtain the climatic variables associated with the individual plots, we used data from the daily 10-km raster-gridded climate dataset for Canada from 1961 to 2003 (S8), which contains data for daily maximum temperature (°C; T max ), minimum temperature (°C; T min ), and precipitation (mm; PCP) for the Canadian landmass south of 60°N. The 10×10 km grids were interpolated from daily Environment Canada climate station observations using a thin-platesmoothing spline-surface-fitting method implemented by the ANUSPLIN V4.3 software (S9).
The climatic data for plots with census years after 2003 were downloaded from the nearest climate stations (Table S3, S10) . We used the annual climate moisture index (CMI) (cm) (S10) to indicate the annual climatic water deficit. Monthly CMI values were calculated as monthly PCP minus PET, where PET is the potential evapotranspiration, which is estimated from T max , T min , and elevation (S10). Annual CMI was calculated by summing the monthly CMI values from January through December.
Positive CMI values indicate relatively moist conditions and negative CMI values indicate relatively dry conditions. In addition to the annual CMI, we also calculated the annual moisture index (AMI) (S11), which is defined as the ratio of the annual number of degree-days above 5 °C to the mean annual precipitation. Large values of AMI indicate dry conditions due to high heat (thus, high evaporative demand) relative to the available moisture, whereas low values of AMI represent relatively wet conditions. Therefore, the larger the value of AMI, the greater the probability of drought. Both CMI and AMI were used to measure climatic water deficits in this study. The annual mean temperature and annual precipitation were also calculated. To model the changes in aboveground biomass as a function of climatic parameters, we averaged the annual climatic variables across all years within each census interval for a given plot.
Estimation of Aboveground Stand Biomass
We calculated the aboveground stand biomass at each census using published Canadian national equations for aboveground tree biomass (S12). The biomass densities were calculated from total, plot-level biomass divided by plot area. We identified measurement errors by comparing multiple measurements of the same tree between censuses; where we found a decrease in tree diameter, we corrected the problem by interpolating between the previous and subsequent census data (S13). Because tree height was not available for every tree, we used DBH-based biomass equations. Based on DBH, we first calculated the total dry biomass of a living tree by summing the dry biomass components of its wood, bark, foliage, and branches (each calculated using the corresponding equation; S12). We then calculated plot-level biomass as the sum of the biomass of all living trees in the plot ( Table S2) . We estimated the rate of biomass change per year for the western (Alberta, Saskatchewan, and Manitoba) and eastern (Ontario and Quebec) regions as well as for Canada's southern boreal forest as a whole. We calculated the changes in plot biomass between successive census dates and then divided this by the number of calendar years between the two censuses to calculate the annual rate of change.
Finally, we derived the rate of biomass change per year by averaging the change rates across all plots (Fig. 2 ).
Statistical analysis
To account for the variations and correlations that result from the hierarchical structure of our data (i.e., repeated measurements were nested within plots), we used a linear mixed-effect model with random effects modeled at the plot level to analyze the trends in the rate of biomass change (t ha -1 year -1 ), trends in the rate of mortality biomass change, trends in the change of stand density, trends in the rate of surviving trees' biomass change, the trends in the climatic variables, and the correlations between the rate of biomass change and the explanatory variables. We applied likelihood-ratio tests to determine whether the incorporation of random effects produced a statistically significant improvement in the model fit. If the likelihood-ratio tests indicated that it was not necessary to include random effects, we refitted the models without random effects.
We also used a dummy variable with values of either 0 or 1 (an indicator variable) to represent the province so we could show whether the relationships between rates of biomass change and the explanatory variables varied among the provinces.
Trends in the rate of biomass change
To estimate trends in the rate of biomass change (t ha -1 year -1 ), we modeled this rate as a function of calendar year in the following form:
y ij = β 0 + β 1 year ij + γ i + ε ij [1] where i is the plot number, j is the jth census (j ≠ 1), y ij is the rate of biomass change (t ha -1 year -1 )
for the jth census (calculated as the biomass difference between the jth and (j-1)th census, divided by the number of years between the two censuses), and year ij represents the calendar year of the jth census. The plot random intercept γ and the random term ε ij follow normal distributions. We applied this model separately for the western and eastern regions and for all plots combined. The results were showed in Table 1 . The same method was used to estimate the trends of the rate of stand-age corrected biomass change (Table 4) .
Trends in the rate of mortality biomass change
We used the same method as in the estimation of aboveground stand biomass to calculate the rate of mortality biomass change (t ha -1 year -1 ). Thus, to estimate the trends in the rate of mortality biomass change (t ha -1 year -1 ), we modeled this rate as a function of calendar year using the linear mixed model in equation [1] . We applied this model separately for western and eastern regions, and the results were showed in Table S4 . We found that the rate of mortality biomass change (t ha -1 year -1 ) was all increasing for western and eastern region.
Trends in the change of stand density
To estimate the trends in the change of stand density, we regressed the number living trees (number ha -1 ) as a function of calendar year using the linear mixed model in equation [1] .
The results were showed in Table S5 . We found the stand density for both western and eastern regions were decreasing.
Trends in the rate of surviving trees' biomass change
In this study, we also calculated the rate of surviving trees' biomass change by using the same method showed in the estimation of aboveground stand biomass. Here, the surviving trees referred to the trees which living through all census periods. Thus, to estimate the trends in the rate of surviving trees' biomass change (t ha -1 year -1 ), we modeled this rate as a function of calendar year using the linear mixed model in equation [1] . The results were showed in Table S6 .
We found the tree growth in western region was decreasing, but it was increasing in eastern region.
Relationships between the rate of biomass change and stand age
It has long been known that aboveground forest productivity declines with age (S14, S15).
This age-related decline in forest growth may be caused by altered carbon allocation, an imbalance between photosynthesis and respiration, nutrient limitations, and decreased stand leaf area, among other possibilities (S14, S15). Because the declines are particularly evident in boreal and cold-temperate forests (S15), we regressed the rate of biomass change as a function of stand age to test whether there were noticeable trends. We used the following linear mixed model: [2] where i is the plot number, j is the jth census (j ≠ 1), k is the kth province, D k is a dummy variable (value of either 1 or 0) for the provinces, y ijk is the rate of biomass change (t ha -1 year -1 )
for the jth census (calculated as the biomass difference between the jth and (j-1)th census, divided by the number of years between the censuses), and age ijk represents stand age. The plot random intercept γ i and the random term ε ijk follow normal distributions. In equation [2] , α 0 is the overall intercept and α 1 is the intercept adjustment for the provinces, and β 1 is the overall slope of stand age and β 2 is the slope adjustment for the provinces.
The biomass decreased significantly with increasing stand age for the western region and all combined plots, but there was no significant trend for eastern region ( Table S7 , Fig. 3(a, b) ).
None of the estimated β 2 parameters was significant. We also tested models with polynomial terms for stand age and random slopes among plots, but found no evidence (either from fixedeffects t-tests or likelihood-ratio tests) to support these models.
Trends in the climatic variables
To model the trends in the climatic variables, we first extracted the time series for the climatic variables for all plots between the initial and final census years, and then regressed the extracted data sets as a function of calendar year using the linear mixed model in equation [1] .
The annual mean temperatures in the western and eastern regions increased significantly (Table S8 ). The annual precipitation and CMI decreased significantly for western region, but increased significantly for eastern region (Table S8) . We found that AMI increased significantly for western region but not for eastern region (Table S8) .
Relationships between the rate of biomass change and climatic variables
To explore the associations between the rate of biomass change and the climatic variables, we regressed the rate of biomass change as functions of the climatic variables using a model with the following form: [3] where x ijk represents the average annual value of climatic variable for the jth census of the ith plot of province k, which was obtained by averaging the annual climatic variables across all years of the census interval between the jth and (j-1)th census, and the other parameters are the same as in equation [2] .
For the western region, both the average precipitation and CMI were significantly positively correlated with the rate of biomass change (β 1 + β 2 D k ; Table 2 ). Except for the average temperature in Manitoba, both the average temperature and AMI were significantly negatively correlated with the rate of biomass change for the western region (β 1 + β 2 D k ; Table 2 ). There were no significant correlations between the climatic variables and the rate of biomass change for the eastern region. We also tested models with polynomial terms for the climatic variables and random slopes among plots, but we found no evidence (either from fixed-effects t-tests or likelihood-ratio tests) to support these models.
To intuitively show these relationships, we prepared scatterplots between the rate of biomass change and the climatic variables for each province in the western region and a single scatterplot for eastern region (Fig. S4 to S7 ). The trends in the scatterplots were consistent with our model results ( Table 2) .
Relationships between the rate of biomass change and the combined effects of climatic variables and stand age
To examine the relationships between the rate of biomass change and the combined effects of climatic variables and stand age, we regressed the rate of biomass change as a function of climatic variables and stand age simultaneously to test for the existence of a significant correlation. Furthermore, to compare the relative importance of the different variables, we applied standardized regressions rather than models using the original variables. Before fitting the regression, we standardized both the response variable and the explanatory variables by subtracting the mean from each value and then dividing the result by the standard deviation.
Please note that we standardized the variables for western and eastern regions separately rather than standardized all the combined data sets. The magnitude of the estimated standardized coefficients can then be used to directly compare the effects of the explanatory variables on the response variable. We used the following form of linear mixed model: [4] All symbols are the same as defined in equations [2] and [3] . After fitting the data using equation [4] , we found that the estimated β 4 and β 5 coefficients were not significant. Therefore, we can rewrite equation [4] in the following simplified form:
The fitted results were showed in Table 3 .
8 Table S1 . Characteristics of the 96 forest plots that met the criteria for inclusion in our analysis. Table S4 . Fixed effects of the linear mixed models describing trends in the rate of mortality biomass change (t ha -1 year -1 ). β is the slope and represents the annual rate of change in morality biomass, n is the number of forest plots used in the model, and P is the significance level for the model's fixed effects based on a t-test.
Data
Parameter Table S6 . Fixed effects of the linear mixed models describing trends in the rate of surviving trees' biomass change (t ha -1 year -1 ). β is the slope and represents the annual rate of change in surviving biomass, n is the number of forest plots used in the model, and P is the significance level for the model's fixed effects based on a t-test.
Parameter Figure S1 . Average rate of biomass change (plus dashed lines representing the 95% confidence intervals) for the first and final census periods for plots in the western and eastern regions. For the western region, the biomass trend changed significantly from increasing during the first census to decreasing during the last census (P < 0.0001, paired two-sample T-test); for eastern region, there was no significant change (P = 0.1339, paired two-sample t-test). Note that the first and final intervals on the x-axis only represent the initial and last censuses for each plot, and thus do not reflect the length of the census intervals. The the mean census time between the initial and final census for the western region was 22.8 years, and 19.2 years for the eastern region. Figure S2 . Rate of biomass change for the western and eastern regions during three time intervals. The black dots represent t he average rate of biomass change and the range bars is defined as the 95% confidence intervals. Figure S3 . Plots of the rate of biomass change as a function of plot size and census interval for the western and eastern regions. The red, green, light blue and blue dots represent the first, second, third and fourth census respectively. Figure S4 . Plots of the biomass change as a function of the average temperature. The average temperature was obtained by averaging temperature observations across all years within each census interval for a given plot. The lines represent the modeled trends from the ordinary least squares regression models. The red, green, light blue and blue dots represent the first, second, third and fourth census respectively. 20 Figure S5 . Plots of the biomass change as a function of the average precipitation. The average precipitation was obtained by averaging precipitation observations across all years within each census interval for a given plot. The lines represent the modeled trends from the ordinary least squares regression models. The red, green, light blue and blue dots represent the first, second, third and fourth census respectively. Figure S6 . Plots of the biomass change as a function of the average climate moisture index (CMI). The average CMI was obtained by averaging CMI observations across all years within each census interval for a given plot. The lines represent the modeled trends from the ordinary least squares regression models. The red, green, light blue and blue dots represent the first, second, third and fourth census respectively. Figure S7 . Plots of the biomass change as a function of the average annual moisture index (AMI). The average AMI was obtained by averaging AMI observations across all years within each census interval for a given plot. The lines represent the modeled trends from the ordinary least squares regression models. The red, green, light blue and blue dots represent the first, second, third and fourth census respectively.
